Background. In healthy subjects, the act of walking and turning is accomplished by a sequential horizontal reorientation of gaze, head, and body toward the direction of the turn. Subjects with stroke, however, have difficulty altering their walking direction and present with loss of balance when performing a head turn or whole body rotation. Objective. To study, in a pilot case study, the spatial and temporal coordination of gaze and posture during preplanned turns executed while walking in severely disabled and mildly disabled subjects with stroke as compared to a healthy control walking at slow speed. Methods. Horizontal plane orientations of gaze, head, thorax, pelvis, and feet as well as the body's center of mass (CoM) trajectory were analyzed as subjects were walking straight or executing a 90-deg turn. Results. Subjects with stroke revealed altered orientation and sequencing of gaze body segments. These alterations were more pronounced in the most severely disabled subject with stroke, especially when turning to the nonparetic side as compared to the paretic side. Conclusions. These findings suggest an altered coordination of gaze and posture during steering of locomotion in subjects with stroke. This altered coordination is likely due to a complex interaction of motor, sensory, and biomechanical factors that may explain the poor balance and poor control of heading direction during walking and turning in stroke.
T urning while walking is an important daily living activity that enables a person to steer around obstacles or simply redirect locomotion toward the desired location. The integration of various types of sensory information, along with fine coordination of gaze and body movements, is needed to ensure balance and reorientation of heading toward a new direction. Turning can pose a postural threat to the already challenging task of walking straight. Walking and turning abilities are most often compromised when motor or sensory systems are subjected to alterations, as in aging. 1 Moreover, a substantial proportion of falls or near falls in the community-dwelling stroke population occurs while performing a head or whole body rotation in standing or walking, 2 emphasizing the need to investigate strategies used by these individuals to perform this task.
In healthy young individuals, the act of walking and turning is characterized by a sequential horizontal reorientation of gaze, head, and body segments in the direction of the turn, accompanied by head and/or trunk roll toward the inner side of the curve. [3] [4] [5] [6] [7] [8] Changes in gaze and head horizontal orientation systematically precede the changes in walking trajectory, or heading. 3, 6, 7, 9 Although these anticipatory head and gaze shifts toward the new travel direction may be useful to sample characteristics of the future walking path, growing evidence suggests that they would serve the purpose of providing a gaze-centered frame of reference for the control body reorientation and possibly the interpretation of sensory information. 4, 6, 10 Stroke is characterized by sensory and motor impairments that compromise motor performance. Poor movement coordination and postural control also arise from defective sensorimotor integration, 11 especially during tasks that require integration of multiple and intense types of sensory information (e.g., visual, vestibular, and proprioceptive), such as changing direction during walking. As gaze stabilization and orientation appear important in establishing a frame of reference during steering, an altered control of both body and gaze movements due to stroke could lead to the poor performance during walking and turning. The aim of this study was to investigate the temporal and spatial coordination of gaze and posture during preplanned turns while walking in persons with mild or severe stroke. We hypothesized that subjects with stroke would present with altered orientation and movement sequencing of gaze and body segment during walking and turning.
METHODS
Two female subjects (33 and 43 years old) with hemiparesis due to a 1st-time stroke occurring in the left middle cerebral artery (9 years and 1.1 month ago, respectively) and 1 healthy control female (33 years) participated in this study. The 2 individuals with hemiparesis were classified as high or low functioning, as reflected by an average gait speed of 1.1 m/s and 0.44 m/s, respectively. Hemineglect, as assessed by the Bell Test, 12 and visual field defects were not present. Subjects with stroke presented motor deficits, as indicated by scores ranging from 3/7 to 6/7 on the postural, upper, and lower limb components of the Chedoke McMaster Impairment Inventory, 13 and they had intact sensation. The paradigm consisted of walking straight or around a 90-deg corner, in a well lit environment with full vision of the walking alley and end position, while having prior knowledge of the required direction of walking. Subjects walked on a 9-m long alley delineated by a 0.9-m wide brown carpet (Figure 1 ), at comfortable speed (stroke and healthy). Healthy controls also walked at a slow gait speed that resembled that of the subjects with stroke. The carpet was undercoated, offering a firm and nonslippery surface as well as good visual contrast with the gray floor. At 5 m from the starting position, an intersection was formed by 2 other carpets placed orthogonally on the right or left of the main alley. Before each walking trial, subjects were instructed to walk straight or to take a turn to the right or left, for a total of 5 trials per direction. Body segment orientations were collected with a 6-camera Vicon512 TM 3D motion analysis system. 1 Briefly, a 15-segment model was obtained from 38 reflective markers placed on different body landmarks for a fullbody marker set (Figure 1 ), as described in Bayat et al. 14 Eye-in-head movements were recorded binocularly using an Eyelink-I video-based system. 2 Before the experiment, a calibration routine of the eye tracking system was performed requiring the subjects to perform saccades and fixation on targets of changing position (right, left, up, down, and diagonals) on a screen located 1.5 m in front of the subjects' eyes. Both body and eye data were recorded at a sampling frequency of 250 Hz. Variables retained for analysis were gaze, head, thorax, pelvis, and foot orientation in the horizontal plane, as well as the trajectory of the body's center of mass (CoM). Gaze orientation was obtained by adding conjugate eye position (mean position of right and left eye-in-head) to the position of the head-in-space. By convention, a horizontal rotation of any segment to the right (healthy) or to the paretic side (stroke) is positive. Time zero represents the time at which the body's CoM along the anteroposterior axis reaches the proximal intersection point made by the orthogonal carpets (see Figure 1 ). Onsets of segment reorientation during walking and turning were calculated as the time at which the change in horizontal orientation of a given segment exceeded its mean orientation recorded during a straight walking trial, plus 2 standard deviations. Negative and positive onset values therefore indicate that a segment is reoriented before or after the intersection point, respectively.
RESULTS

Gaze, Postural Orientation, and CoM Trajectory
When walking straight, the healthy subject's CoM trajectory displayed small oscillations in the mediolateral (ML) direction, roughly following foot placement on the ground (Figure 2A ). Despite these oscillations and the rotational movements of the pelvis in the horizontal plane, the gaze vector was always directed forward, in the same direction of walking. When turning right or left, gaze was first to be reoriented toward the new walking direction, followed by the pelvis and feet, and this occurred before the intersection point was reached and before any alteration in walking trajectory took place. In subjects with stroke, the performance varied depending on the functional level and the direction of the turn. In the low-functioning subject with stroke ( Figure 2B ), a large base of support accompanied by large ML oscillations of the body's CoM was observed with the pelvis and paretic foot rotated toward the paretic side that "lagged" behind the nonparetic side. Despite this rotated position of foot and pelvis toward the paretic side, the gaze vector was directed forward during straight walking. When turning to the paretic side, gaze, pelvis, and feet were reoriented gradually and simultaneously toward the paretic side before the intersection point, possibly taking advantage of the already existing rotational bias of the pelvis and paretic foot toward the paretic side. Turning to the nonparetic side was also accompanied by a gaze shift toward the nonparetic side, but gaze and body segments remained rotated toward the paretic side throughout the walking trials. In the high-functioning subject with stroke ( Figure  2C ), the pattern of segment orientation resembled that of healthy subjects although the sequencing of this reorientation, as described below, was impaired.
Sequencing of Gaze and Body Segment Reorientation
In the healthy subject, walking and turning was achieved by first reorienting gaze, followed by the head, thorax, and pelvis ( Figure 3A) . These segment reorientations took place before reaching the intersection point, as indicated by negative onset values. On average, gaze reorientation toward the new walking direction took place 543 ms before crossing the intersection point, followed by the head, thorax, and pelvis. In subjects with stroke, the onset of gaze and head reorientation tended to be more synchronous with that of the thorax and pelvis. In the highfunctioning subject with stroke, this synchronicity of segment reorientation was particularly obvious when turning to the paretic side ( Figure 3B ). On average, gaze reorientation was initiated earlier than for the healthy control, that is, 817 ms and 1123 ms before the intersection point when turning to the paretic and nonparetic sides, respectively. In the low-functioning subject with stroke, a gradual and synchronous reorientation of gaze and body segments was observed ( Figure 3C ). In fact, no clear onset of segment reorientation could be identified. It can also be noticed that although this subject executed a 90-deg change in CoM trajectory, little change in body horizontal rotation took place during the turn, especially when veering to the nonparetic side.
DISCUSSION
This study is the first to report on the coordination of gaze and body segments during walking with or without turns after stroke. Our main finding is that persons with stroke, as hypothesized, present with an altered coordination of gaze and body segments during walking and turning. This altered coordination is present in both the spatial and temporal domains, with alterations in the orientation and sequencing of gaze and body movements.
Impairments in the coordination of gaze and posture, as reflected by abnormal orientation and sequencing of gaze and body movements, were found to be more pronounced in the more severely disabled subject who was walking at a slow speed. These pronounced coordination impairments cannot be explained by the slow gait speed, which would have rather caused segment reorientation to be initiated earlier in time 10 while not altering the postural orientation or sequencing of gaze and body movements during the turn. 15 The fact that abnormalities in the sequencing of segment reorientation were also present in the high-functioning subject with stroke, who walked at a fast speed of 1.1 m/s, further suggests that slow gait speed does not explain the coordination deficits observed.
Walking and turning is a complex task requiring the integration of multiple sensory information including visual, vestibular, and proprioceptive information, and involving not only the upper but also the lower body. The sensory information has to be appropriately weighted and integrated with the motor command, while motor efferent copies from eye, neck, trunk muscles, and possibly other distal muscles can also help regulate the reorientation of gaze and body during steering. We have previously shown that subjects with stroke display abnormal postural responses to rapid horizontal head motions. 11 Because rapid head motions provoke very little changes in the body's CoM position but induce intense sensory stimulation, we hypothesize that a defective sensorimotor integration could be the cause of the altered postural responses observed in persons with stroke. Another possible mechanism is paresis of the contralateral upper and lower limb muscles, and possibly trunk muscles. 16, 17 Paresis of eye and neck muscles that control gaze may also occur, 18, 19 but this can be ruled out in the present case, as our subjects easily performed fixations and saccades in all directions during the calibration of the eye tracker. Altered visuospatial perception, which has been shown to alter oculomotor behaviors such as exploratory eye movements 20 and anticipatory gazeorienting responses, 21 may also explain the poor coordination of gaze and posture. In a recent experiment, we showed that subjects without near extrapersonal space neglect, as in the present study, present with altered navigation abilities during walking in response to optic flows expanding from different locations, 22 further supporting the possible contribution of deficient visuospatial perception to poor steering abilities after stroke.
Results from the present study also revealed that subjects with stroke used different steering strategies depending on the direction of the turn, and this was especially obvious in the more severely disabled subject. When turning to the paretic side, gaze and body segments were gradually and synchronously reoriented to the paretic side, reaching a full horizontal 90-deg rotation of all segments. Turns to nonparetic side, in contrast, were characterized first by an isodirectional gaze shift followed by the rest of the body, while never achieving a full 90-deg rotation of gaze and body with respect to space. Hemineglect and hemianopsia can be ruled out to explain this direction dependency, for 2 main reasons: First, subjects included in this study were clinically Figure 2 . Trajectory of the body's center of mass (CoM) and orientations of gaze, pelvis, and feet in the horizontal plane in a healthy subject walking at slow speed (A), as well as in a low-(B) and a high-functioning (C) subject with stroke, walking at an average speed of 0.44 m/s and 1.1 m/s, respectively. The conditions illustrated are individual trials representing walking with a left or nonparetic turn (left column), walking straight (middle column), and walking with a right or paretic turn (right column). The black brackets on each graph represent the proximal intersection points formed by the orthogonal carpets crossing the longitudinal walkway. Pelvis and gaze orientations are illustrated every 400 ms, whereas foot orientation is plotted at every foot flat contact. In addition, gaze vector orientation and corresponding gaze shift angles were emphasized by long projection lines and arrows at every 800 ms.
screened to be free of such deficits, which was later confirmed by the execution of the calibration routine. Second, hemineglect results in perception deficits 23 and poor exploratory eye movements 20 on the contralesional visual space. However, hemineglect may not necessarily lead to direction-dependent deficits in anticipatory gaze behavior. 21 If direction-dependent changes in gaze and body movements were to be present, greater difficulties in steering toward the (contralesional) paretic side should be observed, instead of the nonparetic side, as in the present study. An alternate explanation for the direction-dependent steering strategies arises from biomechanical observations. Indeed, subjects with a severely disabling stroke tend to walk with a horizontal rotational bias of their trunk, pelvis, and paretic foot toward their paretic side, as demonstrated in the present study. Hence, it is more difficult to turn to the nonparetic side, as the initial rotational bias must be overcome to initiate and complete the turn. Similarly, the more synchronous reorientation of gaze and head observed when turning to the paretic side could be explained by the presence of this rotational bias toward the paretic side, preventing subjects from having to first shift their gaze toward the paretic side. Such rotational bias in body segments may also modify the subjects' internal representation of body-space interaction and affect motor planning in the transformed workspace coordinates.
In conclusion, we have shown that subjects with stroke present with an altered coordination of gaze and posture during walking and turning. Steering strategies depend on functional capacity and the direction of the turn. Difficulties in walking and turning appear to result from a complex interaction among sensory, motor, and biomechanical factors. Based on experiments carried out in healthy young subjects, it has been hypothesized that anticipatory gaze behavior when changing direction during walking would provide the central nervous system with a gaze-or head-centered frame of reference that is important for updating the internal representation of body orientation in space and for the coordination of future motor events. 4, 6, 10 In stroke subjects, the altered gaze and head anticipatory behavior may further contribute to their poor steering abilities. Further work is needed on a larger sample of subjects with stroke to test this hypothesis and to extrapolate the present findings to the general stroke population.
